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The present  paper  contains  an  account of the  blood of  the  turtle, 
considered  as  a  system  for carrying  oxygen  and  carbon  dioxide.  It 
will  be  found  of interest  in  showing  how  greatly  the  blood  of  these 
animals  may  differ  from  that  of man--and  to  what  factors  the  dis- 
similarities  are  due.  The  meaning  of  the  chemical  characteristics 
of the  turtle's  blood  in  terms  of the  peculiarities  of these  animals  is 
not clear at present  and must await further  experimentation  on their 
respiratory  habits. 
Practically all of the observations were made on the blood of Pseudemys con- 
cinna.  Blood  was  drawn  from  the  left  aortic  arch  or  left  pulmonary  artery 
through  a  hole  trephined  in the  carapace  in  the  mid-line  just  anterior  to  the 
center.  Coagulation  was  prevented  by  the  use  of  powdered  sodium  oxalate. 
In a  few  cases blood was drawn  under  oil  and  the  gases  determined  directly; 
but in most of the experiments it was brought into equilibrium with gas mixtures 
in tonometers.  The blood was put on ice as soon as drawn,  and so kept until 
placed in the tonometers.  It was considerably less viscous than human blood, 
and the cells  showed a  tendency to settle very rapidly.  For this reason it  was 
necessary to use special care to stir the blood thoroughly before taking samples. 
A  temperature  of 25°C.  was selected  for the  equilibration  of the blood with 
the gas mixtures,  inasmuch as this represents  a  temperature  within the physio- 
logical range of the turtles  studied and can  be maintained readily in a  thermo- 
stat.  Samples of about 5  cc. of blood were brought into  equilibrium  with 250 
cc.  of gas mixture  by rotating  for 20  minutes  or more in  a  water  bath.  The 
blood gases were then determined by the modified Van Slyke  method (1).  The 
oxygen was not reabsorbed, 1.36 volumes per cent being subtracted from the final 
reading  as  representing  the  nitrogen  in  the  blood.  Duplicate  determinations 
were made whenever possible.  The percentages of  the gases in the tonometers 
were then accurately determined by  means of the Haldane apparatus,  and their 
partial pressures estimated by the formula given  by Bock, Field,  and Adair (2). 
Where true plasma was required,  the  equilibration  was carried out as usual, 
387 
The Journal of General Physiology388  TRANSPORT  OF  GAS BY  BLOOD  OF TURTLE 
and one portion was used for the  determination  of the carbon dioxide content 
of the whole blood.  The remainder was then centrifuged under oil for 5 minutes, 
and  the plasma was immediately transferred  to  the  Van Slyke apparatus  and 
analyzed for carbon dioxide. 
Character of the Blood. 
The  blood obtainable  from  single  turtles,  weighing  from  0.87 to 
2.6 kilos, varied from 30 to  70 cc.  The  corpuscular volume of each 
blood was determined  by means  of  the  hematocrit,  and  was  found 
to vary between 9.4 and 22.3 per cent of the volume of whole blood. 
The  observations were made  during  December and  January.  It  is 
perhaps worthy of note that the lower percentages of ceils were found 
chiefly in  turtles  which  had  been kept  for  a  considerable  length  of 
time in  our animal  house,  while the higher percentages  were chiefly 
in  those  examined  when  freshly  received  from  the  dealer  about 
January  1.  The oxygen capacity of the blood was found to be cor- 
respondingly low and variable.  The values are indicated in Table I, 
together  with  the  hematocrit  readings.  The  proportion  between 
them is fairly constant.  1 cc. of cells will combine with  nearly  0.5 
cc. of oxygen.  Bock,  Field,  and Adair  (2) have shown  that  human 
blood having  40  volumes per  cent  ceils  has  an  oxygen  capacity  of 
20 volumes per cent; i.e.,  that  1 cc. of ceils will  combine with  0.5 cc. 
of oxygen.  The oxygen-carrying power of the red blood cells of the 
turtle per unit  volume is almost exactly the  same as that  of human 
erythrocytes.  In the alligator,  on the other hand, Hopping (3)  found 
that blood having a corpuscular volume of 14.5 per cent had an oxygen 
capacity of 12 volumes per cent.  This indicates that 1 cc. of alligator's 
cells will combine with 0.83 cc. of oxygen and that their oxygen-carry- 
ing power is almost twice as great as that of human or  turtle  cells. 
The carbon dioxide contents of two samples of blood as drawn from 
the efferent vessels of the heart were 92.4 and 80.3 volumes per cent. 
Because of the probable admixture of pulmonary and systemic venous 
blood in these vessels the exact significance of the figures is question- 
able. 
The  carbon  dioxide  capacity of the  blood from various animals, 
when equilibrated with 42 -4- 1 ram. carbon dioxide pressure at 25°C., 
was  found  to  be  72.0,  77.1,  77.9,  83.8,  84.1,  85.9,  86.4,  88.6,  88.8, i  ~. C.  SOUTHV¢ORTH~ JR.~  AND  A.  C.  REDFIELD 
TABLE  I. 
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Cells.  O* capacity.  Ratio. 
~er 6cn~ 
22.3 
22.0 
20.0 
15.2 
14.7 
14.5 
13.0 
9.8 
vol. per cent 
9.5 
10.85 
9.71 
7.09 
6.93 
6.56 
7.40 
6.59 
O. 426 
0.493 
O. 485 
O. 466 
O. 471 
O. 452 
0.569 
O. 673 
Average  ...........................................  0.504 
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FIG. I.  Carbon dioxide dissociation curves of the oxygenated blood of Pseud- 
emys ~oncinna equilibrated at 25°C.  Partial pressures  of  carbon  dioxide meas- 
ured in ram. along the abscissa.  Combined carbon dioxide measured in volumes 
per  cent  along  the  ordinate. 390  TRANSPORT  OF  GAS  BY  BLOOD  OF  TURTLE 
88.8,  91.2,  91.7,  and  94.1  vohtmes  per  cent.  These  capacities  are 
comparable  to  those  found  in  turtles  by  Collip  (4),  amounting  to 
81.8  and 89.3 volumes per cent for whole blood and 80 volumes per 
cent  for true plasma.  Collip points out that  these values  are note- 
worthy as being high when compared with the other species of verte- 
brates which he studied. 1  The condition does not appear  to be one 
generally  characteristic  of  reptiles.  Collip  (7)  finds  a  capacity  of 
45  volumes per cent in  the garter  snake  (Thamnophis sp.).  In  the 
alligator Hopping (3)  has observed carbon dioxide capacities of from 
45.9 to 67.8 volumes per cent according to season.  Nor is it due to 
a  seasonal variation  as  we have found comparable values in  turtles 
freshly taken in June. 
The manner in  which  these extraordinary amounts of carbon diox- 
ide are carried in the blood of the  turtle  is  revealed by the  dissocia- 
tion  curves  of  oxygenated  blood  shown  in  Fig.  1.  Two  features 
mark  these  curves as  distinctive;  (1)  the  greatest  reduction of the 
carbon  dioxide pressure  attained  fails  to  remove  a  residuum  of  35 
to 50 volumes per cent of combined carbon dioxide, and (2) the general 
slope of the curves is decidedly flatter than is usual in human blood. 
Since  the  completion  of  our  experiments,  Wasfl  and  Seli~kar  (8) 
have  published  dissociation  curves  for  the  frog  (Rana  catesblana) 
which  share  these  characteristics  with  the  turtle,  but  have  a  gen- 
eral  level  intermediate  between  that  of  this  reptile  and  that  of 
man.  The  interpretation  of  these  characteristics-,  from  the  view- 
point of the blood as a  physical system, is not difficult.  Under  or- 
1  Jolyet (5) found 40 to 54 volumes per cent in the arterial blood of the turtle 
(Emys europaea?).  In the arterial blood of the sea turtle, Thalassochelys  caretta, 
Spallitta (6) observed 49.01 to 53.65 volumes per cent carbon dioxide.  The dis- 
crepancy between these values and those observed by Collip and ourselves  we 
believe may be attributed to the fact that these workers  employed the blood 
gas pump for their analyses.  In two cases we have carefully pumped off and 
expelled  all  the  carbon dioxide  possible  with  the Van Slyke apparatus  before 
adding the lactic acid to free the combined  carbon dioxide.  In these cases we 
have found 45.5 and 59.1 volumes per cent of carbon dioxide which had not been 
removed by evacuation.  If such values be subtracted  from the carbon dioxide 
contents of these bloods when equilibrated with 44 mm. carbon dioxide pressure, 
one obtains 31.0 and  26.8 volumes per cent as the carbon dioxide removed by 
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dinary  conditions  this  blood  contains  a  large  quantity  of  carbon 
dioxide combined as bicarbonate and at  the same time a  relatively 
small  percentage  of  corpuscles.  In  human  blood,  as  the  carbon 
dioxide pressure is reduced, the bicarbonate is decomposed and the 
base combines with the hemoglobin and phosphate of the corpuscles 
or with  acids  set free by an  exchange of ions between the plasma 
and  these  corpuscular buffers;  see Joffe and  Poulton  (9).2  In  the 
turtle  blood  the  base-binding  capacity of the available corpuscular 
buffers is deficient for this purpose and suffices to set free only about 
one-half of the carbon dioxide which is held in combination at physio- 
logical levels.  Further, since the slope of the dissociation curve is a 
measure of the  available base-binding,  or yielding, capacity of the 
blood and  as  this is provided in large part by the hemoglobin and 
phosphate of the corpuscles (Van Slyke (10)) the pronounced flatness 
of the curves is also attributable to the low corpuscular content. 
The validity of the foregoing explanation is demonstrated by the 
following observations.  The  quantity  of  carbon  dioxide  taken  up 
by several samples of  blood  between  two  fixed  hydrogen ion  con- 
centrations  is  given  in  Table  II.  It  is  clear  that  this  measure 
of  the  buffer  value  of  the  bloods  is  roughly proportional  to  the 
number  of  red  corpuscles  which  they  contain.  Furthermore,  by 
increasing the corpuscular concentration artificially it may be shown 
that the slope of the carbon dioxide dissociation curve is  increased 
and that the quantity of carbon dioxide which may be given off under 
a  reduced  partial  pressure  is  considerably  amplified.  To  do  this 
blood containing 17.5  per cent corpuscles was centrifuged under oil 
at  a  tension of 33  ram.  of carbon dioxide,  about  two-thirds of the 
plasma was pipetted off, and the remaining plasma was again  mixed 
with corpuscles.  The resulting blood had  a  corpuscular volume of 
44 per cent, approximating that of human blood.  The  dissociation 
curve  of  this  blood  is  shown  in  Fig.  2,  in  which is  included  for 
comparison a  curve of human blood, one of turtle blood containing 
18  per  cent of red  corpuscles,  and  one of separated turtle plasma. 
The  latter  curve  was  obtained  from  the  plasma  of  blood  equili- 
brated  with a  gas  mixture  containing 49.1  ram.  carbon  dioxide  in 
Collip (4) has shown that such an ionic exchange occurs between the corpuscles 
and plasma of a  number  of animals, including the  turtle. 392  TRANSPORT OF  GAS  BY  BLOOD OF  TURTLE 
TABLE  II. 
Corpuscles.  Buffer action.*  Ratio. 
pet cent 
o0t 
9.4 
9.7 
17.8 
18.0 
19.8 
44.05 
~ol. per cent 
4.5 
6.0 
7.0 
14.0 
II.0 
14.5 
20.0 
0.64 
0.72 
0.78 
0.61 
0.73 
0.45 
* Change in carbon dioxide content between pH 7.92 and 7.58. 
I" Plasma separated from corpuscles when in equilibrium  with 49.1 ram. carbon 
dioxide. 
Concentrated artificially when in equilibrium with 33  ram. carbon dioxide. 
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FIG. 2.  The three upper curves are carbon dioxide dissociation curves of the 
blood of -Pseudemys concinna equilibrated at  25°C.  The lower curve is of human 
blood (A. V, ]3. (2))  equilibrated at 37.5°C.  Partial pressures of carbon dioxide 
measured in ram.  along the  abscissa.  Combined carbon dioxide  measured  in 
volumes  per  cent  along  the  ordinate. F.  C.  SOUTHWORTH~  JR.,  AND  A.  C.  REDFIELD  393 
air,  and  centrifuged  under  oil,  without  loss  of  carbon  dioxide. 
Here the effect of the corpuscles is entirely absent, and it is seen that 
the amount of carbon dioxide given off when the partial pressure is 
reduced is  correspondingly diminished.  A  more  exact  comparison 
may be  made by  comparing the  carbon dioxide combined by  the 
bloods when a fixed change in pH is produced by an increase in  the 
carbon  dioxide pressure--a manipulation  which  will  cause  a  cor- 
responding shift in the ratios of the weak acids and their salts which 
are buffering both systems.  In this comparison allowance must be 
made for the different temperatures at which the bloods are studied. 
The method of  estimating  the pH of  the  turtle blood  is described 
below.  For a change in pH from 7.69 to 7.48 the values in Table III 
are obtained. 
TABLE  III. 
Concentrated turtle blood  Human blood 
(44 per cent cells).  (40 per cent cells). 
pH  ~ol. per cent  ~ol. l~er cenl 
7.48  72  38 
7.69  58  27 
Difference ...............  14  11 
The Hydrogen Ion Concentration of the Blood Plasma. 
The pH of the blood plasma may be estimated from the data of the 
carbon  dioxide  dissociation  curve  by  means  of  Hasselbalch's  (11) 
equation; 
BHCO3 
pH =  pK1 +  log-- 
H2CO~ 
For  this purpose it is necessary to  fix upon values for pK1 and a, 
the  solubility  coefficient  of  carbon  dioxide,  which  are  appropriate 
for this blood and the conditions under which it was equilibrated. 
The value of pK1 for horse blood adopted by Van Slyke, Wu, and 
McLean  (12)  is  6.12 at  38°C.  This  value  may  be  corrected for 
temperature by the addition of 0.005 for each degree fall in tempera- 
ture (Hasselbalch (11),  Warburg (13)).  A  further small correction 
for  the  high  concentration  of  bicarbonate  in  the  turtle  blood 
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sodium  bicarbonate  solutions.  This  is  made  by  subtracting  0.03 
from  the value of pK1.  The value finally taken  for turtle blood at 
25°C.  is pK1  =  6.15. 
The  value  of  the  solubility  coefficient  is  much  more  profoundly 
altered by the lower temperature  at which the turtle blood has been 
studied.  Bohr  (14)  has given the values of a  for water over a  con- 
siderable range of temperatures.  By interpolation  a  is 0.76 at 25°C. 
Bohr also gives values for a  for plasma  and whole blood at  15 ° and 
38°C.  At  both  these  temperatures  the  solubility  coefficient  for 
plasma  is  97.5  per  cent of  that  for water,  and  the  value  for whole 
blood  is  92  per  cent  of  that  for  water.  For  turtle  blood,  which 
usually contains  somewhat less than  half  as many corpuscles as the 
whole blood of mammals,  we have  selected a  value  95  per  cent  of 
that of water, which at 25°C. gives a  =  1.72.  Using these constants, 
calculations have given values of 7.54 to 7.42 for the pH of blood at 
42  :i:  1 mm.  carbon  dioxide tension.  A  sample of blood drawn  di- 
rectly from  the  aortic arch  and  analyzed by the dialysis method of 
Dale  and  Evans  (15)  has  given  a  pH value of  7.5  4-  0.1. 
The Effect of Oxygenation and Reduction. 
The  effect of oxygenation  and  reduction  upon  the  carbon  dioxide 
dissociation  curve  of  the  turtle  blood  is  of  interest  from  several 
viewpoints.  In the first place it is not a foregone conclusion that the 
hemoglobin  of  all  animals  will  exhibit  the  property  of  becoming  a 
stronger  acid  upon  oxygenation--thus  augmenting  its  function  as 
a  buffer substance in a rather  adaptive manner.  Secondly, we have 
shown that the characteristics of the carbon dioxide dissociation curve 
are  interpretable in terms of the  concentrations of bicarbonates  and 
corpuscles peculiar to the turtle blood.  One may seek in the effects 
of oxygenation and reduction  a  further  test of the  adequacy of this 
conception of the specific characters  of this blood.  Finally,  there is 
the question whether  the magnitude  of this  phenomenon  is such  as 
to be of importance in the physiology of the living animal.  A prelimi- 
nary  determination  of  the  carbon  dioxide  dissociation  curves  of 
oxygenated  and  reduced  blood  showed  that  the  difference  between 
the  two  was  extremely  slight  being  about  2  volumes  per  cent  at 
physiological  tensions  in  blood  containing  9.4  per  cent  corpuscles. F.  C.  SOUTIt'WORTH, JR.,  AND  A.  C.  RV.DFIELD  395 
It  therefore  appears  that  while  oxygenation  and  reduction  affect 
the  turtle  dissociation  curve and  the human curve in  the same way, 
the effect is too slight in the turtle to be of any practical importance, 
either in  the  transport  of carbon  dioxide  or in  the determination  of 
the hydrogen ion concentration  of  the blood.  In  order  to  examine 
more  closely the  magnitude  of  this  effect  and  its  relation  to  the 
conditions in human  blood, the turtle blood, concentrated to contain 
44  per  cent corpuscles, was reduced and equilibrated with mixtures 
k 
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FIG. 3.  Carbon dioxide dissociation curves of the blood of Pseudemys concinna 
concentrated to  contain 44 per  cent corpuscles,  showing effect  of oxygenation 
and reduction on carbon dioxide-combining power.  Partial pressure of carbon 
dioxide measured in ram, along the abscissa; combined carbon dioxide measured 
in volumes per cent along the ordinate.  Temperature 25°C. 
of carbon dioxide and nitrogen.  The results are compared with  the 
findings for the oxygenated blood in Fig. 3.  It is clear that with the 
concentration  of the  corpuscles there  is  no  question  that  reduction 
increases the carbon dioxide-combining power of the blood.  Reduced 
blood will now combine with about 7 volumes per cent more carbon 
dioxide  without  change  in  pH.  This  is  approximately  the  differ- 
ence between the oxygenated and reduced human blood over a similar 
range of hydrogen ion concentrations; in the case of human blood the 
difference is 6.3 volumes per cent (2).  The recent work of Wasfl and 396  TRANSPORT  OF  GAS  BY  BLOOD  OF  TURTLE 
Seligkar has demonstrated a  distinct difference between  the  carbon 
dioxide dissociation curves of the oxygenated and reduced blood of 
the frog. 
Distribution  of Carbon Dioxide between Corpuscles and Plasma. 
Determinations of the distribution of carbon dioxide between cor- 
puscles  and plasma were made by  analyzing whole blood  and  true 
plasma at several tensions of carbon dioxide.  The results are plotted 
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FIG. 4. Curves showing the distribution of carbon dioxide between the cor- 
puscles  and plasma in the blood of  Pse~emys concinna  at 25°C.  Partial  pressure 
of carbon dio~de measured m  mm. of mercury along the abscissa.  The upper 
curve is  the volume of carbon dioxide combined with i00 volumes of true  plasma 
at various carbon dioxide tensions.  The middle curve represents the volume 
of carbon dioxide combined  with 100 volumes of whole  blood.  The lowest curve 
shows the  volume  of  carbon dioxide contained in  the  corpuscles of  100 
volumes of whole blood. F.  C.  SOUTHWORTH,  JR.,  AND  A.  C.  REDFIELD  397 
in Fig. 4.  The carbon dioxide content of the plasma in 100 volumes 
of whole blood can be calculated,  as described by Joffe and Poulton 
(9),  by multiplying  the  content  of  true  plasma  by the  fraction  of 
plasma in whole blood.  If this quantity is then subtracted from the 
content  of the  whole blood,  the  difference will be  the  amount  car- 
tied by the corpuscles.  In  this  case the  fraction  of corpuscles was 
0.18 and that of plasma 0.82.  The result of this calculation is indi- 
cated by the lowest curve in Fig. 4.  From this curve it may be seen 
that a very small fraction of the carbon dioxide is carried by the cells. 
as indeed is to be expected from the small percentage of cells in the 
blood.  The carriage of carbon dioxide by the turtle corpuscles com- 
pares  very  favorably  with  that  of  human  blood,  however,  when 
allowance is made for the difference in number of corpuscles.  From 
these figures we estimate that  100 cc. of turtle corpuscles at a  carbon 
dioxide tension of 40 ram.  are combined with 44 volumes of carbon 
dioxide.  At  an  equal  tension  100  cc.  of  human  blood  corpuscles 
combine  with  only  29.2  volumes  according  to  the  calculations  of 
Henderson,  Bock,  Field,  and  Stoddard  (16).  This  discrepancy  in 
favor  of  the  turtle  blood may  be  attributed  to  two  factors.  The 
first of these is the greater solubility of carbon dioxide at low tem- 
peratures.  In  order  to  estimate  the  effect of  this  difference,  it  is 
necessary to compare the bloods at tensions such  that  the cells will 
contain  the same concentration  of carbon  dioxide in solution.  The 
solubility coefficient of carbon dioxide in water is 0.555 at 38°C. and 
0.76  at  25°C.  It  may  be  supposed,  therefore,  that  corpuscles  at 
0.555 
38°C. will dissolve only ~  or 73 per cent as much carbon dioxide 
as corpuscles at 25°C.  Since the amount of carbon dioxide dissolved 
is proportional  to a  times its partial  pressure,  human  cells will dis- 
solve as much carbon  dioxide  at 40 rnrn.  carbon  dioxide tension  as 
0.555 
turtle cells at 40  ×  ~  or 29.2 ram.  tension.  At  these respective 
tensions  100  cc.  of  human  corpuscles  at  38°C.  combine  with  29.2 
volumes of carbon dioxide, while 100 cc. of turtle corpuscles at 25°C. 
combine with 38 volumes.  There is thus still a difference of 9 volumes 
per cent in favor of the turtle cells. 
The  second  point  to  be  considered  is  that  the  concentration  of 398  TRANSPORT  OF  GAS  BY  BLOOD  OF  TURTLE 
bicarbonate  ion  inside  of  the  corpuscle may be  expected  to  bear  a 
rather  definite ratio  (determined by the Donnan  equilibrium)  to the 
concentration  in  the plasma.  We have  seen  that  the concentration 
of bicarbonate  in  the  whole blood is  exceptionally  high  when  com- 
pared  to  the  conditions  in  other  animals.  These  considerations 
undoubtedly  account  for  the  high  carbon  dioxide-combining 
power of  the  turtle  corpuscle.  The  exact  ratio  of  bicarbonate  ion 
within and without the corpuscle is of considerable interest inasmuch 
as  it  gives,  theoretically,  the  proportion  of  all  other  diffusible ions 
on either side of the corpuscular wall, and in addition depends for its 
value on the excess of non-diffusible electrolyte within the corpuscle. 
The  ratio  has  been  designated  by  the  symbol,  r,  by  Van  Slyke, 
Wu,  and McLean  (12), who define the concentrations  in question in 
terms  of the  ratio  of solute  to  the volume  of water  as  solvent.  We 
have calculated values for r  on the assumption  that  1 cc. of plasma 
contains 0.9 gm. of water, and that 1 cc. of corpuscles contains 0.63 gm. 
of water.  These  figures  are  round  numbers taken from  Van  Slyke, 
Wu,  and  McLean's  data  on  the  horse  blood.  They  are  obviously 
not quite correct when  applied to the  turtle but may be justified for 
an  approximate  calculation  on  the  ground  that  the  figure  for  the 
plasma probably lies between 0.9 and  1.0 since the turtle blood is of 
lower osmotic pressure  than  that  of  the  mammals.  The  figure  for 
the corpuscles is open to greater doubt and in its justification we can 
only point out that  the oxygen capacity of the turtle  corpuscles in- 
dicates  that  the  concentration  of  hemoglobin  does  not  differ 
greatly  from  that  of  human  erythrocytes.  Using  these  values  we 
estimate  from  the  data  in  Fig. 4 that r  =  0.71  at  41  ram.  carbon 
dioxide.  In  oxygenated  human  blood  at  this  tension,  r  =  0.72, 
according to the estimations of Henderson, Bock, Field, and Stoddard 
(16), while in the horse blood at 41 ram.  carbon dioxide tension Van 
Slyke, Wu, and McLean find a value of 0.722.  The agreement could 
not  be  better  and  shows  that  the  high  carbon  dioxide-combining 
power of the turtle corpuscles may be accounted for  strictly by the 
high bicarbonate content of the plasma if one assumes that  the con- 
centration  of water  and  of  non-diffusible  electrolytes  is  the  same 
in these cells as it is in the mammalian erythrocyte. F.  C.  SOUTIIWORTtt,  JR.~  AND  A.  C.  RED:FIELD  399 
The Oxygen Dissociation Curve. 
The  form of  the  oxygen dissociation  curve is  illustrated  in  Fig.  5 
by  two  typical  examples  equilibrated  in  the  presence  of  40  ram. 
carbon  dioxide.  For  comparison  is  included  with  them  the curve 
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FIG. 5.  Oxygen dissociation curves of the blood of Pseudemvs concinna, equi- 
librated at 25°C. and in the pressure of 40 ~- 1 mm. carbon dioxide.  The corpus- 
cular content is indicated and the curve for human blood (A. V. B. (2)) at 37.5°C. 
is  included  for  comparison.  Ordinates  represent  the  per  cent  saturation  of 
hemoglobin with oxygen.  Partial pressure of oxygen measured in ram. of mer- 
cury along the  abscissa. 
of  human  blood  at  40  mm.  carbon  dioxide pressure.  In  a  general 
way  and  for  all  functional  purposes  these  curves  resemble  that 
for  human  blood  more  than  they  resemble  each  other.  There 
is,  however,  a  distinct  difference  in  the  shape  of  the  curves  which 400  TRANSPORT  OF  GAS  BY  BLOOD  OF  TURTLE 
appears to characterize the turtle blood; i.e.,  the S shape at low ten- 
sions is absent so far as one can judge from the measurements.  The 
difference  appears  to  be  similar  to  that  distinguishing  the oxygen 
dissociation curve of the dog from that of man--which Barcroft and 
Carols  (17)  have  attributed  to  specific differences in the electrolyte 
content of the blood. 
The  two  curves illustrate  the  limits  between which  most  of  the 
other  observations  which  we  have  obtained  have  fallen.  In  their 
exact position  the  curves  appear  to  group  themselves  according  to 
the percentage  of corpuscles in  the  blood and  to  be independent  of 
the carbon dioxide capacity as the figures in Table IV indicate. 
TABLE  IV. 
Corpuscles. 
per cen~ 
9.8 
13.0 
14.5 
14.7 
15.2 
20.0 
22.0 
22.3 
(h pressure  of ½  saturation. 
mm. 
22 
20 
20 
18 
19 
28 
28 
26 
CO~ capacity at 40 ram. 
CO2 pressure. 
*ol. per cent 
87.6 
83.8 
91.2 
88.6 
88.8 
94.1 
91.7 
85.9 
This  observation  would  appear  to  bear  some  relation  to  that  of 
Douglas, Haldane, and Haldane (18) who found that when the oxygen 
capacity of human blood is reduced because a part of the hemoglobin 
is saturated with carbon monoxide,  the affinity of the remainder  for 
oxygen is increased.  These authors also comment upon the fact that 
with the reduction in the quantity of hemoglobin available for oxygen 
carriage  the  S  shape  of  the  dissociation  curve  tends  to  disappear. 
Two factors in the conditions under which these oxygen dissociation 
curves were made, differ from those usual in  the standard  curves for 
human  blood.  These are the lower  temperature at which the equili- 
bration was carried out in the case of the turtle and  the comparatively 
high  bicarbonate  content  of  this  blood.  Other  things  being  equal 
the lower temperature  at which the  turtle blood was studied  should :F.  C.  SOUTHWORTH,  JR.,  AND  A.  C.  REDFIELD  401 
favor considerably the combination of oxygen with hemoglobin  and 
cause  the  dissociation curve  to  shift to  the  left.  Furthermore  at 
40 rflm. carbon dioxide pressure and 25°C.  the pH of oxygenated tur- 
tle blood containing 90 volumes per cent carbon dioxide may be  esti- 
mated to be 7.51 while that of human blood under comparable  con- 
ditions,  but  at  37°C.,  is  approximately  7.45.  This  comparative 
alkalinity should favor slightly the greater formation of oxyhemoglo- 
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FiG. 6.  Showing effect of carbon dioxide tension on the oxygen dissociation 
curve of the blood of Pseudemys concinna.  The blood was equilibrated at 25°C. 
in the presence of the indicated amount of carbon dioxide  with oxygen at tensions 
as shown in mm. along the abscissa.  The resulting percentage saturation of the 
hemoglobin with oxygen is measured along the ordinate. 
bin  and  cause  a  further  divergence in  the  position  of  the  curves. 
There is no evidence, however, that these factors have taken effect, 
Evidently we are dealing here with a case similar to that described 
by Krogh and Leitch (19) who find that the affinity of the hemoglobin 
of the blood of fishes for oxygen is correlated to the respiratory re- 
quirements  of  the  species  in  question  rather  than  to  any obvious 
chemical factors.  This difference in the behavior of the Mood of the 
turtle and of man is elucidated by the observations of Macela and 402  TRANSPORT  OF  GAS  BY  BLOOD  0~" TURTLE 
Seli§kar  (20)  which  have  appeared since the foregoing was written. 
These authors  find that when the hemoglobin of the  turtle (and that 
of a  number of other animals)  is compared with human hemoglobin, 
under  identical  thermal  and  chemical  conditions,  the  latter  has  a 
much  greater  tendency  to  combine  with  oxygen.  It  would  follow 
from  this  that  the  differences which  we  have  observed  are  due  to 
specific  differences in  the  hemoglobins  as  well  as  to  such  environ- 
mental  factors as were postulated by Krogh and Leitch. 
Effect of Carbon Dioxide. 
Fig.  6  shows the  results  obtained in  an  experiment  to  determine 
the  effect  of  carbon  dioxide  upon  the  oxygen  dissociation  curve. 
Two  points  were  determined  on  each  curve  at  1.5  rnm.,  44  mm., 
and  134  ram.  carbon  dioxide pressures.  It  is  at  once evident  that 
the  carbon  dioxide  tension  affects  the  turtle  oxygen  dissociation 
curve in  the same way that it does human  blood (21).  Krogh and 
Leitch  (19)  have  observed  the  same  phenomenon  in  the  blood  of 
certain fish, and Redfield and Hurd (22) have found it to be charac- 
teristic of the hemocyanin of the squid. 
SI~rt~ARY. 
The  chief  characteristics  of  the  blood  of  the  turtle  Pseudemys 
concinna, considered  as  a  system  for  the  transport  of  oxygen  and 
carbon  dioxide,  are  its  low  corpuscular  content  (10  to  22  per  cent 
by volume) and its high concentration of base bound as bicarbonate. 
These  characteristics  account  fully for  the  shape  and  position' of 
the  carbon dioxide dissociation  curve,  the effect of oxygenation and 
reduction  of  the  hemoglobin  upon  the  carbon  dioxide-combining 
power of the  blood,  and  the  distribution  of carbon  dioxide between 
the corpuscles and plasma. 
The  oxygen-combining  capacity of  the  turtle  corpuscles does not 
differ  from  that  of  an  equal  volume  of human  erythrocytes.  The 
oxygen dissociation curve is similar to that of mammalian  blood and 
is affected in like manner  by the quantity of carbon dioxide present. 
Its exact shape and position depend in part upon the number of cor- 
puscles in  the blood; in part its characteristics  cannot  be attributed 
to known  chemical  factors. F.  C.  SOUTHWORTH~  JR.~  AND  A.  C.  REDFIELD  403 
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